With the recent increase in the number of acclimatized broiler houses in Brazil, design and adaptation of facilities to withstand the tropical weather conditions enabling the maintenance of ideal conditions without increasing costs have been major challenges. The aim of this study was to evaluate the ventilation system in solid-wall broiler houses using computational fluid dynamics (CFD). The research was carried out in the city of Amparo -SP (Brazil). The facility consisted of a broiler house enclosed by masonry sidewalls with tunnel ventilation equipped with exhaust fans (air outlet) and cooling pads (air inlet). The following variables were collected: wind speed and dry bulb temperature over 27 equidistant points inside the house at bird height (0.30 m above the floor), wind speed in inlet -cooling pad, and static pressure in the outlet (exhaust fans) as a boundary condition. The data were monitored at the most critical time of the day -2 pm during the final rearing stage in summer. The CFD technique allowed visualizing the air flow according to each running condition for exhaust fans, as well as determined the best setting of exhaust fans, avoiding a low air area renewal and turbulence.
INTRODUCTION
The challenge of agricultural production in tropical and subtropical countries, such as Brazil, arises because of high temperatures that negatively affect broiler production, especially at the final rearing stage. This problem causes economic losses and animal suffering, which is inconceivable since producers own technological tools in broiler houses and regulations to ensure the welfare of broiler production (BUSTAMANTE et al., 2013) .
Thus, the thermal environment condition (temperature, relative humidity, wind speed and solar radiation) is very important to animal production, because it can affect broiler homeothermy responsible for guaranteeing the welfare and productive responses (AMARAL et al., 2011) . Broilers under heat stress present significant decreases in food consumption and growth index (RAZUKI et al., 2011) , as well as feed efficiency (KHAN et al., 2011) . Studies found that poultry exposed to heat stress conditions have a high risk of production loss, and at critical cases can lead to animal death (SALGADO & NÄÄS, 2010) .
The deleterious effect of high temperatures can be mitigated using ventilation systems with negative pressure and adiabatic evaporative air-cooling. This system aims to reduce the temperature inside facilities. The ventilation is responsible for cooling the inlet air (evaporative panel), reducing the environmental temperature in the building. A negative ventilation system is equipped with exhaust fans, foggers, and evaporative panels, accountable for air exchange and air-cooling inside the broiler house. The system also presents other functions as i) sanitary function -removing moisture, dust and gas; ii) thermal function -removing animal-produced heat load, equipments, solar radiation and lighting; and iii) production index function -ensuring uniformity and thermal comfort (CURI et al., 2014; SILVA et al., 2013) . On the one hand, such mechanical system requires a great amount of energy and high investments in technology. On the other hand, the broiler production is affected by periodic problems of mortality related to heat stress.
In short, both ventilation system with its components (exhaust fans, evaporative panel, sensors, controller and operator inference) as the broiler houses (type, construction materials, insulation materials -roofs and side curtains) become important factors to determine the environmental quality, influencing the success of poultry production (MOORE et al., 2011; MILES et al., 2013; CURI et al., 2014 , DA SILVA et al., 2015 .
Many studies have been conducted to evaluate ventilation system operation in commercial broiler houses to determine whether the environmental conditions were appropriate by means of different mathematical and computational methods such as fuzzy logic, data mining, geostatistics and Computational Fluid Dynamics -CFD (MOSTAFA et al., 2012; BUSTAMANTE et al., 2013) .
Recently, the CFD modeling has been successfully used for building rural facilities, playing an important role in ventilation system optimization, positioning of the exhaust fans, assessment of system changes, analysis of system air flow and thermal exchanges for each type of animal facility (BLANES-VIDAL et al., 2012; BUSTAMANTE et al., 2013 BUSTAMANTE et al., , 2015 . ZHAO et al., 2013; NORTON et al., 2013; ABID et al., 2013; GUERRA-GALBO et al., 2015 . RAHMAN et al., 2014 . Therefore, this study aimed to evaluate the ventilation system in a broiler house by computational modeling of fluid dynamics (CFD), using the software ANSYS CFX v. 14.0, and then propose new settings of exhaust fan activation.
MATERIAL AND METHODS
The experiment was conducted in a broiler house located in Amparo city, São Paulo State, Brazil (22º42'04" S latitude, 46º45'52" W longitude, and altitude of 674 m). According to the Köppen's climate classification, the prevailing climate in this region is of Cwa type (hot climate with dry winters: air average temperature of 22 °C in summer and 18 °C in winter). Broiler chickens of Cobb Vantress 500 strain in the final rearing stage (i.e. 40 days old), during the summer of 2013.
The solid-wall broiler house (SW) is located in Amparo-SP (22º45'37" S latitude, 46º46'42" W longitude, and altitude of 706 m). It has a north-south cartographic orientation, with dimensions of 20 × 120 × 3 m (width × length × height) and density of 13 birds per m -2 . The cooling system is composed of an artificial negative-pressure ventilation. It comprises sixteen exhaust fans with 1.38 m diameter (six at the front and five on each side - Figure 1a ) with three-blade propellers and a 1.0 HP engine and nominal flow rate of 41,100 m³ h -1 (at 0 AP), using evaporative panel made in cellulose and masonry sealing with a wall built of concrete blocks (Figure 1b) . Dry bulb temperature (DBT, °C) and wind speed (WS, m s -1 ) were recorded by a hot-wire anemometer (VelociCalc, TSI Inc., St. Paul, MN), within a reading range between −18 and 93 °C (0.1°C) for temperature, and within 0 to 30 m s -1 (0.01 m s -1 ) and accuracy of ± 0.015 m s -1 for wind speed. The equipment registered both parameters in 27 points in a row as shown in Figure  1 (a). The measurements were carried out using the method proposed by Blanes-Vidal et al. (2008) that requires a six-minute permanence of the wind speed sensor at each point since there was only
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The CDF was used through simulation results by Ansys ® CFX version 14.0. This software is based on the numerical solution of Navier-Stokes equations, i.e. mass, momentum and energy conservation equations. Precision and quality of the results are strongly associated with physical quantities derived from boundary conditions in the flow domain, knowledge degree and ability of users in the simulation process, as well as the number of mesh elements to represent space and the proper refinement thereof. Equation 1 is known as "momentum equation"; it stands for the mass conservation principle, while [eq. (2)] represents the general feature of mass equations, that is, the temporal fluid variation equals the resultant force acting thereon.
(1) (2) where, In this study, simulation involved four basic steps: problem definition, preprocessing, solving and post-processing. The preprocessing step includes geometry creation and meshes generation.
Geometry was created in Ansys Workbench 14.0 design modeler using a scale of 1:1 in relation to the broiler-house actual size, including the entire volume of air within it, except for the air volume in the attic (Figure 2 ). At this stage, the air inlets were designed (by the evaporative panel), as well as the air outlets (exhaust fans).
The area of air inlets was sectioned into 0.10 m rectangles along the panel length with a 0.001-m spacing between them (evaporative panel length of 10.55 m in the back, and 18.60 m in the laterals), to assist boundary conditions since air inlet opening was altered every 0.10 m by the ventilation control system. The ultimate goal of geometry is drafting the area of the fluid involved in the problem domain. The computational mesh was generated by dividing the air volume within the poultry house into small volumes. Then, we calculated mass, heat, and momentum conservation. The smaller the mesh dimension, the more accurate the results and the greater the time and the processing power necessary for simulation (CÓSTOLA & ALUCCI, 2011) . Different dimensions were used for the mesh building, of which the smaller one was equal to the thickness of air inlet and outlets (0.001 m), and the larger measuring 0.230 m. The chosen type of mesh was hexahedral because tetrahedral meshes require greater computational effort and a larger quantity of elements to the same number of nodes (JOAQUIM JUNIOR et al., 2007) . Furthermore, tetrahedral meshes provide a poor solution representation in wall-adjacent layers. The mesh was evaluated regarding the number of elements and nodes, aspect ratio, besides element quality. The latter should not be less than 0.75, and skewness not exceeding 0.8 for a good mesh quality (GAMBIT, 2001 ).
This process demonstrates the model geometrical information in discrete nodal points, in a process known as discretization. CFD simulation should be independent of the results obtained for each mesh density. To ensure this, a mesh independence test has to be carried out (BJERG et al., 2013) . Thus, simulation results will be able to guarantee non-interfere of the mesh with the simulations. However, mesh refining major problem is related to increasing computational costs thereby has to be carefully regarded. An improperly refined mesh, i.e. "thick", shows as main symptom lack of simulation convergence. The tested meshes consisted of standard (default) A proper use of CFD technique involves defining boundary conditions so that the model is as close to reality as possible. Conversely, boundary condition determination and quantification in broiler houses can be difficult in practice. For this reason, we sought studies on ventilation systems of commercial broiler facilities that used as boundary conditions the air speed in inlets and static pressure in the outlets ( VAN WAGENBERG et al., 2004; BLANES-VIDAL et al., 2008) . Given the above, we opted to use air speed in inlets, the temperature in the outlets, fluid density and viscosity as internal boundary conditions of the facility; in this case, atmospheric air and static air pressure both in the outlets (Figure 3 and Table 1 ). For simulations, we considered the walls as isothermal. Figure 3 shows how the model was simulated, taking into account the wind speed perpendicular to the air inlets at the building back, as well as the static pressure in each of the turned on exhaust fans at the sampling time. The first order standard k-Ɛ model (CFX, 2013) was chosen for considering turbulence effects on average flow in accordance with turbulence kinetic energy (k) and dissipation rate (Ɛ).
This model was chosen for being widely used in studies of air flow in poultry ventilation system (BLANES-VIDAL et al., 2008; ZHAO et al., 2013) . CFD simulations using first-order closing models, such as the k-Ɛ standard, have been successfully validated for various applications in studies in interior environment of broiler houses (LEE et al., 2007; PAWAR et al., 2007; MOSTAFA et al., 2012; BUSTAMANTE et al., 2013) . In other words, isotropic models, in some circumstances, might provide valid results, depending on the relationship between result quality and small processing capacity required.
The choice of the domain and the mesh is important since seriously interferes with the results. Therefore, the following considerations were taken: a stationary regime, flow incompressibility and turbulence. As convergence criterion, we also adapted the maximum residue of the solution to a value lower than 10 -4 , between a minimum of 50 and a maximum of 300 iterations.
Model validation was performed based on the CFD modeling results, being thereafter verified and compared with the corresponding experimental data. The correlation between measured and CFD predicted values was evaluated by calculating the normalized mean square error (NMSE) (ANDERSON et al., 1992; SARAZ et al., 2011) , as described in Equations 3 and 4. For this purpose, air speed measurements were taken, for six minutes, at all 27 points ( Figure 4 ) and air inlets inside the building following procedures adapted from Blanes-Vidal et al. (2008) . These records were taken for five consecutive days just for model validation, by the time birds were 28 days old. NMSE values below 0.25 were deemed as good correlation indicators. Simulations were performed by testing five exhaust fan settings, being turned on at the same time to achieve the best combination of effective air exchanges, based on the standard operating setting thereof ( Figure 5 ).
Inlets beforehand installed in the aviary were disregarded in the simulations. This happened because they were unused at the time of data collection for validation and evaluation of the system, in which case the external air entered the building through the evaporative panel to the building back.
FIGURE 5. Simulations for determination of the best exhaust fan setting: original operating mode (a), simulation 1 (b), simulation 2 (c), simulation 3 (d), simulation 4 (e), simulation 5 (f), simulation 6 (g) and simulation 7 (h). Table 2 shows the characteristics of the tested meshes, featuring the number of elements, the number of nodes and other mesh parameters (element quality, aspect ratio, and skewness). All tested meshes showed skewness value lower than 0.80 and element quality above 0.75, as recommended by GAMBIT (2001) . The mesh independence test is presented as a graph in Figure 6 . Each bar length stands for the air speed found in the simulations, inside the poultry house, towards the X coordinate direction of the area (Figure 6 ). Such test is important to ensure lack of interference of the chosen mesh with the simulation results (BRAGA et al., 2015; SANT'ANNA et al., 2015; JUNIOR et al, 2015) . We can see the difference (of up to 107.48%) of the length of the bars between the most and least refined mesh, showing that refining caused major changes in the results. The lowest difference is between the mesh of 0.23 m and the one of 0.20 m, signaling the independence of the results in regards to the mesh. As a result, the mesh dimension of 0.23 m should be chosen to obtain results as good as the 0.20-m mesh, but with less computational costs. In this sense, the mesh chosen had 706,390 elements, 729,949 nodes and a skewness equal to 0.10. The skewness in the results of the less refined mesh (size 0.40 m) is of 0.25, which is a clear indication of mesh adequacy. As the mesh was refined, skewness decreased. These values are based on residual errors of the numerical solution of the moment and continuity equations suggested in the literature for transport quantity maintenance. Therefore, the convergence of the solution was carefully verified by monitoring the transport equation residuals throughout the simulation.
RESULTS AND DISCUSSION
The model was validated by correlating the measured values and the CFD simulated ones, using the mean square of standardized errors, obtaining an NMSE value of 0.1936 (RÁCZ et al, 2013; DAMASCENO et al., 2014; SARAZ et al., 2012) . Since values below 0.25 are taken as good indicators of correlation, the model was considered valid concerning the adopted boundary conditions. In this regard, the air inlets were dimensioned for being added to the boundary conditions and thereby increasing the accuracy of the results.
All the simulations (from 1 to 7) were differentiated by positioning five turned on exhaust fans, which made part of the original simulation ( Figure 5 ). Table 3 shows the maximum and minimum values of air speed found in each simulation according to the scale. The advantage of CFD simulations comes from its graphical representation providing an easy understanding of the air flow, with parameters represented by different colors or vectors of the simulations (Figure 7a ). The simulations of the various exhaust fan settings aimed to provide a homogeneous distribution of air speed, seeking for values close to the ideal ones found in the literature, which in this case are between 1.5 and 2.5 m s -1 (YAHAV et al., 2001 ).
Studies have reported that a suitable ventilation system promotes beneficial effects on poultry production factors, such as bird weight (SILVA et al., 2013) . There has been also a few attempts to reduce areas of low air exchange, in other words, when air speed values are near 0.0 m s -1 . In this sense, broiler house building type directly influences the environmental conditions, which, in turn, are influenced by external climatic conditions where it is built, emphasizing the need for a ventilation system and facility type that are appropriate to the local microclimate .
We observed that air speed has the largest values close to the turned on exhaust fans and also in the region where there is a simultaneous inlet of air through sides 1, 2 and 3 (Figure 4 ) through the evaporative panels, which increases air speed values above the recommended by the literature.
The air flow convergence produces a turbulence zone in the center of the broiler house near the air inlets, at bird height, which may interfere with poultry behavior during regular activities, affecting performance, feed conversion and water consumption (AMY et al., 2000) .
At the edges of the building, points of low air exchange could be observed, near the air inlets and close to the exhaust fans turned off during the simulation. This result suggests that a better distribution of exhaust fans may decrease the occurrence of these zones. These differences in air speed throughout the facility may result in uneven flocks, interfering with the final production (poultry activity and body weight), since air speed influences convective heat loss and, therefore, hindering thermal comfort condition (TAO & XIN, 2003; BARACHO et al., 2013 ).
Given the above background, we noted that regions surrounding air inlets and outlets are critical, whereas the intermediary zone shows a smooth and homogeneous air flow. Therefore, the Computational fluid dynamics (CFD) application for ventilation studies in broiler houses Eng. Agríc., Jaboticabal, v.37, n.1, p.1-12 , jan./fev. 2017 9 existing demands for uniform environmental conditions inside broiler houses can be met by an effective control of the ventilation system (CALVET et al., 2011; HUMBERT et al., 2014.) . Thus, among the various provisions of the exhaust fans, Simulation 6 (Figure 7b ) (five exhaust fans turned on at the front of the broiler house) showed the best performance regarding homogeneity, reductions of low air-exchange and turbulence zones, presenting values deemed as appropriate by the literature (YAHAV et al., 2001 ).
CONCLUSIONS
The Computational Fluid Dynamics technique is an efficient and reliable method for predicting air flow displacements under different operating conditions of exhaust fans, as well as for determining the best turn-on setting of exhaust fans, avoiding low air-exchange and turbulence zones. In this sense, the ventilation system controller is capable of defining the most suitable setting for air exchange.
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